Abstract-The primary cause of cancer mortality is not attributed to primary tumor formation, but rather to the growth of metastases at distant organ sites. Tumor cell adhesion to blood vessel endothelium (EC) and subsequent transendothelial migration within the circulation are critical components of the metastasis cascade. Previous studies have shown polymorphonuclear neutrophils (PMNs) may facilitate melanoma cell adhesion to the EC and subsequent extravasation under flow conditions. The melanoma cell-PMN interactions are found to be mediated by the binding between intercellular adhesion molecule-1 (ICAM-1) on melanoma cells and b 2 integrin on PMNs and by endogenously secreted interleukin 8 (IL-8) within the tumorleukocyte microenvironment. In this study, the effects of fluid convection on the IL-8-mediated activation of PMNs and the binding kinetics between PMNs and melanoma cells were investigated. Results indicate that the shear rate dependence of PMN-melanoma cell adhesion and melanoma cell extravasation is due, at least partly, to the convection of tumor-secreted proinflammatory cytokine IL-8.
INTRODUCTION
Malignant melanoma is highly aggressive and forms metastases with high probability. Most melanoma deaths are due to metastases that are resistant to conventional therapies. 23, 27 Tumor metastasis consists of a complex cascade, in which adhesion to the vascular endothelium (EC) is a critical step. Human neutrophils (polymorphonuclear neutrophils-PMNs), which comprise 50-70% of circulating leukocytes, have been shown to promote metastasis under certain circumstances. 11, 12, 22, 25, 26 Binding between intercellular adhesion molecule-1 (ICAM-1) on malignant melanoma cells and b 2 integrins (e.g., CD11a/CD18 or LFA-1; and CD11b/CD18 or Mac-1) on PMNs enhances melanoma adhesion to and migration through the EC.
12,26 b 2 integrins on PMNs are up-regulated when stimulated by chemoattractant, which appears to be essential to PMN adhesion to the EC and subsequent migration to the surrounding tissue in response to inflammation. Recent studies have shown that PMN tethering on the EC is necessary for melanoma cell adhesion to the EC in a shear flow. 12, 26 It has been widely reported that PMN tethering to the EC is affected by both the shear rate and shear stress. In contrast, PMN-facilitated melanoma cell adhesion to the EC and subsequent transendothelial migration are solely dependent on the shear rate. 12, 13 However, the mechanism for shear rate-dependence of melanoma cell adhesion to the EC via binding to PMNs has not been understood. The objective of this study is to gain some insights in this void.
Melanomas have been found to constitutively secrete a number of chemokines, including interleukin 8 (IL-8). 19, 20 Recent reports suggest that the expression of chemokines and chemokine receptors by melanoma may contribute to its ability to escape tumor surveillance and may partially explain preferential patterns of melanoma metastasis. 16 IL-8 has a wide range of proinflammatory effects on the migration of PMNs from the circulation to a site of injury through CXC chemokine receptors 1 and 2 (CXCR1 and CXCR2). 6, 17 IL-8 has been shown to trigger functional up-regulation of the b 2 integrins binding activity on PMNs. 21 This up-regulation may enhance the binding between ICAM-1 on melanoma cells and the up-regulated b 2 integrins on PMNs, thus enhancing melanoma cell adhesion to the EC mediated by the PMN. In blood vessels, the chemokines released by melanoma cells may stimulate PMNs within the tumor microenvironment. 19 The concentration of chemokine that accumulates at the surface of an effected PMN is governed by the transport of the soluble chemokine by the shear flow. There is little understanding of the diffusion of tumorsecreted chemokines under hydrodynamic shear conditions and their subsequent effects on the activation of PMNs.
Cell adhesion is mediated by the formation of the reversible binding of receptors and ligands. Chemical kinetics is the study of the rates of chemical reactions and has been used to study this binding. 2 The association rate is defined as the rate at which a receptor and ligand will combine to form a bond. The dissociation rate is the rate at which a bond will dissociate into its constituent receptor and ligand. These rates are dependent on physical factors such as the number of ligands available to a receptor, the distance between the receptor and ligand, the temperature, and the force applied to the bond. The balance of the association and dissociation rates determines if two cells adhere or not. It is not known how the properties of the shear flow affect these association and dissociation rates of binding between b 2 integrins-expressing PMNs and ICAM-1-expressing melanoma cells.
In this study, the effect of IL-8 secreted by melanoma cells on PMN activation and subsequent melanoma-PMN adhesion to the endothelium under various flow conditions is investigated. How IL-8 changes the PMN surface density of LFA-1 and Mac-1 is determined experimentally. To determine the effects of melanoma cell-secreted IL-8 on PMNs in a shear flow, a computational model is used to simulate the transport of IL-8 from a free stream melanoma cell to accumulate near a rolling PMN. The increase in PMN-melanoma cell binding potential due to the IL-8 stimulation is quantified by computing the association rate of LFA-1 and Mac-1 molecules after being stimulated by melanoma cells under various flow conditions. Since bond dissociation is determined by the force applied to the bond, the bond force applied to a melanoma cell by one bond between it and a PMN under various flow conditions is simulated using a fluid dynamics model.
MATERIALS AND METHODS

Reagents
Mouse anti-human CD11a, CD11b, and ICAM-1 monoclonal antibodies (mAbs) were purchased from Invitrogen (Carlsbad, CA). Human recombinant IL-8 was purchased from R&D systems (Minneapolis, MN). Other reagents were purchased from R&D systems unless otherwise mentioned.
Cell Preparations
WM9 melanoma cells (provided by Dr. M. Herlyn, Wistar Institute, Philadelphia, PA) were grown in RPMI-1640 (Invitrogen) supplemented with 10% FBS (Invitrogen) and 100 units mL -1 penicillin-streptomycin (Biosource, Inc.) at 37°C and 5% CO 2 . We used a transfected fibroblast L-cell line 5 that constitutively expresses human E-selectin and ICAM-1 as an adhesive substrate. This cell line (provided by Dr. S. I. Simon, University of California Davis), which expresses levels of E-selectin and ICAM-1 that are comparable to those found on human umbilical vein endothelial cells, provides a model to explore melanoma cell adhesion. For experiments which required melanoma cells in suspension, cells were detached when confluent using trypsin/versine (Invitrogen) and washed twice with fresh medium. Then the cells were re-suspended in fresh medium and allowed to recover for 1 h while being rocked at 8 rpm at 37°C.
Following the Pennsylvania State University Institutional Review Board (IRB) approved protocols (#19311), fresh human blood was collected from healthy donors by venipuncture. PMNs were isolated using a Histopaque Ò (Sigma) density gradient by manufacturer's instruction and kept at 4°C in Dulbecco's PBS (D-PBS) containing 0.1% human serum albumin (HSA) for up to 4 h before use.
Expression of b 2 Integrins on PMNs Upon Stimulation
PMNs were incubated with various concentrations of IL-8 at 37°C for different time periods and then the b 2 integrin expression was measured. Briefly, PMNs were incubated with saturating concentrations of primary mAbs directed against either LFA-1 or Mac-1 (1 lg mL -1 ) in PBS containing 1% BSA for 20 min at 4°C and then washed twice. After an additional 20 min incubation with TRITC-conjugated goat anti-mouse Fab 2 fragment (1 lg/10 6 cells; Jackson ImmunoResearch, West Grove, PA) at 4°C, the cells were washed twice and fixed with 2% formaldehyde and analyzed by a GUAVA personal flow cytometry (GUAVA technologies Inc., Burlingame, CA.).
PMN Rolling Velocity
PMN rolling velocities on confluent EI monolayer were measured under various shear conditions in a parallel-plate flow chamber (Glycotech, Rockville, MD) mounted on the stage of a phase-contrast optical microscope (Diaphot 330, Nikon, Japan). Briefly, a syringe pump (Harvard Apparatus, South Natick, MA) was used to generate a steady flow field in the flow chamber. A petri dish (35 mm) with a confluent EI cell monolayer (acting as a ligand-binding substrate) was attached to the flow chamber. All experiments were performed at 37°C. The field of view was 800 lm long (direction of the flow) by 600 lm. The focal plane was set on the EI monolayer. PMNs (1 9 10 6 cells mL -1 in DPBS containing 0.1% HSA) were perfusion into parallel plate flow chamber at various flow rates. To increase the viscosity in some experiments, 1 or 2% (wt./vol.) dextran (2 9 10 6 Mr; Sigma) was added to the medium. The viscosity of the medium was measured as 1.0 cP (no dextran), 2.0 cP (1% dextran), or 3.2 cP (2% dextran) at 37°C in a cone-plate viscometer (RotoVisco 1, Haake, Newington, NH). The interactions of PMNs with EI monolayer in the parallel plate flow chamber were recorded for two minutes using a CCD camera (pco 1600, Cooke Corporation, Romulus, MI) and the rolling velocity for each PMN was determined by tracking individual PMN with Image-ProPlus 5.0 (Media Cybernetics, Inc., Silver Spring, MD). The mean rolling velocity of a PMN under various shear stresses was calculated from a total of 40 rolling PMNs.
Diffusion and Convection of Solutes in a Shear Flow
A two-dimensional Couette flow model was used to simulate the transport of IL-8 released by tumor cells in the circulation. The inputs used in the model are tabulated in Table 1 .
IL-8 distribution under flow conditions was modeled computationally using the commercial software package Comsol Multiphysics 3.2 (Comsol, Stockholm, Sweden), which employs a finite element method to solve the governing partial differential equations. To simulate the IL-8 transport, the convection and diffusion application mode was selected and the NavierStokes application mode was used to calculate the velocity pattern. The convection-diffusion equation solved is shown in Eq. (1):
where c i is the IL-8 concentration, u is the velocity, and D i is the solute diffusion coefficient. The diffusion coefficient for IL-8 was obtained from literature. 15 It has been shown that for small proteins, the diffusion coefficient is proportional to molecular weight. 28, 29 A constant flux was assigned at the cell surface and complete dilution was assumed very far from the cell; mathematically stated as:
where C 0 is the IL-8 concentration and R is the tumor cell radius. It was assumed that the secreted IL-8 would not be re-consumed by the secreting tumor cell and C 0 be uniform over the surface of the cell.
The velocity profile was calculated using the Navier-Stokes application mode, which solves the incompressible momentum and mass conservation:
where u is the velocity, q is the density of fluid, l is the viscosity and p is the pressure. The fluid was assumed to be Newtonian, incompressible, steady, and laminar. A no-slip boundary condition was implemented at the channel walls. Uniform velocity and constant pressure were prescribed at the inlet and outlet, respectively. In the fully developed region, the classical parabolic velocity profile (Poiseuille flow) was obtained. The velocity at a given location in the chamber can be calculated from the equation below:
where the DP/L is the driving force, r is the distance from the center of the channel to the location, l is the viscosity, and a is the distance from the center of the channel to the channel wall. The driving force, DP/L, can be derived from the equation: Calculated from Eqs. (3) and (4) l Viscosity 1.0, 2.0, and 3.2 cP Experimental setting
where Q is the volumetric flow rate. The relation between diffusion coefficient and solvent viscosity can be calculated using the StokesEinstein equation as follows.
where D AB is the diffusion coefficient of solute A in solvent B, R A is the hydrodynamic radius of solute A, j is Boltzmann's constant, T is the Kelvin temperature, and l B is the solvent viscosity. Note that the StokesEinstein equation usually gives poor accuracy when solute A is a large molecule. Recently, a modification of the Stokes-Einstein equation for small molecules was proposed by Kooijman. 10 However, both equations have shown that the diffusion coefficient is inversely proportional to the solution viscosity.
Receptor-Ligand Binding Association Rate
A molecular model of receptor-ligand binding has been developed and used in simulations of cell-cell adhesion. 2, 3 In this model, the association rate, k on , governs the likelihood of a receptor to form a bond with a ligand on another cell, whose equation is shown in Eq. (6) 9 :
where A L is the surface area on a ligand-bearing cell that is available to a receptor, n L is the number of ligands on a cell, and n B is the number of bonds already formed. These values and the separation distance between two cells, e, are determined by the geometry and properties of a chosen cell. The association rate for the receptor-ligand binding under zero-force conditions, k on 0 , was determined for LFA-1 and Mac-1 binding with ICAM-1 in a companion effort. 7 The bond spring constant, r ts , and equilibrium length, k, as well as the Boltzmann's constant, k b , were assigned values found in the literature. 3 
Model of Melanoma-PMN Adhesion to the Endothelium in a Shear Flow
A three-dimensional model of a PMN and a tumor cell in flow was developed in a companion effort to simulate the adhesion of a melanoma cell to a tethered PMN under flow conditions. 8 The model is used here to compare the force exerted on a melanoma cell, bound to a stationary PMN via a single bond, under varying flow conditions. Since bond formation is a random occurrence, which is based on the proximity of cells, receptor and ligand surface densities and locations, and molecular properties, bonds may form in any position between a melanoma cell and a PMN. Here, a direct comparison of bond force time history in various flow conditions is desired; thus the same initial location is assumed for the melanoma cell and the single bond in all simulations.
One stationary, adherent PMN is modeled on the bottom plate of the parallel plate flow chamber geometry and a free stream tumor cell is modeled above and slightly downstream of the PMN in the flow. A single bond, treated as a linear bond spring, is seeded between the two cells. The forces on the tumor cell due to the fluid and the bond are used to calculate the cell motion.
Two commercial codes were used to simulate the two cell system. Harpoon (Sharc, Manchester, UK) automatically generates the computational grids, and AcuSolve (ACUSIM Software, Mountain View, CA) calculates the flow profile and force distributions. The cell motion calculation was completed by an authordeveloped Python script, which also controls the overall simulation. Figure 1 shows the order of operations controlled by the script.
Harpoon is a grid generator that creates hexahedradominant meshes in a very short time. In the simulations used in this study, a new grid was generated at each time step with the new tumor cell location.
AcuSolve is an incompressible flow solver based on the Galerkin/Least Squares finite element method (GLS). The steady, incompressible Navier-Stokes and continuity equations are solved, as shown in Eq. (2) . Variables are also as defined for Eq. (2).
The solution of Newton's Second Law, shown in Eq. (7), governs the spherical tumor cell motion. 
Herex andh are the tumor cell translations and rotations,F ands are the force and torque vectors on the tumor cell and m and I are the cell's mass and mass moment of inertia. These equations are solved assuming the tumor cell is a rigid body.
To represent the interactions between the microvilli on the cells' surfaces, a repulsion force with the form of a non-linear spring force, as shown in Eq. (8), is applied to the tumor cell.
Here k and b are constants and d is the distance between the cells. This force is applied along the normal to the PMN surface at the point of minimum separation distance between the cells. The line of the normal does not generally go through the center of the tumor cell, thus a torque is also applied.
IL-8 Secretion from Melanoma Cells in a Shear Flow
Flow assays were carried out using a continuous circulating loop. Briefly, WM9 cells (2.5 9 10 6 cells mL -1 ) suspended in 1640 RPMI with 0.1% BSA were perfused through the flow loop under various shear flow conditions for 4 h in a 37°C, 5% CO 2 incubator. Cell viability at the end of each experiment was determined using Diff Quick stain (Dade Behring Inc., Newark, DE). Medium was collected in the end of this flow assay for ELISA test to detect IL-8 secretion.
ELISA
Cell-free supernatants were collected by a centrifugation at 430g for 5 min and IL-8 was quantified by a sandwich ELISA following standard protocols. Primary and secondary antibody pairs were obtained from R&D Systems (catalog number MAB208 and BAF208). Standard human recombinant IL-8 was also obtained from R&D Systems (catalog number 208-IL) and a standard curve was included in each ELISA plate. Plates were read on a Packard Spectracount at 405 nm and the data analyzed using I-Smart Software. Intra assay variation was typically 10-15%.
Statistical Analysis
All experimental results are reported as the mean ± standard error of the mean (SEM) unless otherwise stated. One-way ANOVA analysis was used 10, 30 , 60, 120, 300, and 600 s). By converting the fluorescence intensity changes to a ratio of activated to non-activated intensity and using the known baseline expressions, the site density of LFA-1 and Mac-1 on the activated PMNs was estimated. In response to IL-8 stimulation, both the affinity and avidity of LFA-1 and Mac-1 may change. Here, these changes are assumed to be reflected by a change in the number of active LFA-1 and Mac-1 molecules. The expression of Mac-1 and LFA-1 were upregulated upon IL-8 stimulation in a time-and dose-dependent manner (Fig. 2) . After stimulation with a low concentration of 0.01 nM of IL-8, Mac-1, and LFA-1 were not upregulated. Mac-1 and LFA-1 expressions started to increase upon stimulation when IL-8 concentration reached 0.1 nM, indicating a possible threshold concentration for IL-8 to increase the expression of LFA-1 and Mac-1. In addition, there were no significant differences of LFA-1 or Mac-1 expression after increasing the IL-8 concentration from 1 to 5 or 10 nM, which implies that there might be a saturating concentration for IL-8 to up-regulate LFA-1 and Mac-1 expression.
RESULTS
Expression of
The response of LFA-1 upon IL-8 stimulation is rapid. Stimulation with 1 nM IL-8 elicited LFA-1 expression that increased by~4-fold over the first minute (Fig. 2a inset) , culminating in~5-fold rise within 10 min (Fig. 2a) . In contrast, Mac-1 responded to IL-8 in the later time duration (Fig. 2b inset) . Stimulation with IL-8 (1 nM) elicited Mac-1 expression that increased by 1-fold only after 2 min, culminating in 9-fold rise within 10 min (Fig. 2b) .
Based on these experimental data, curve fitting was used to determine equations for LFA-1/Mac-1 expression (1) with a specific concentration for various time periods of stimulation, and (2) with various concentrations at a specific stimulation time point. Figure 3 shows examples of LFA-1 expression after stimulation by IL-8 with various concentrations for 10 s (Fig. 3a) or after 1 nM IL-8 stimulation for various time periods (Fig. 3b) .
IL-8 Secretion from Melanoma Cells in a Shear Flow
To determine the secretion of IL-8 from melanoma cells under flow conditions, WM9 cells were perfused into a continuous circulation flow loop driven by a peristaltic pump, and the amount of secreted IL-8 in the suspension was detected by ELISA. Results showed that the secretion of IL-8 from WM9 cells was not affected by the flow conditions (Fig. 4) . IL-8 secreted by a single WM9 cell (calculated by dividing the concentration by the number of cells) was used in the Comsol Multiphysics simulation.
Rolling Velocity of PMN Under Flow Conditions
Previous study has shown that PMN-facilitated melanoma adhesion is a multiple step process which begins with PMNs tethering on the EC, followed by melanoma cells adhering to tethered PMNs, thus bringing tumor cells into close contact with the EC. 12 Since the PMN tethering step is an important step in this process, PMN rolling velocity was measured under various shear conditions. Results indicate that PMN rolling velocity was dependent on the shear rate (Fig. 5) . Under a fixed shear rate, an increase in shear stress, via increasing the media viscosity, did not change the PMN rolling velocity significantly. However, under the same shear stress, an increase in shear rate (via decreasing the media viscosity) resulted in increased PMN rolling velocity.
Fluid Convection Affects IL-8-Mediated PMN Activation Within the Tumor Microenvironment
To investigate how the fluid convection affects IL-8 secretion by melanoma cells, which in turn affects the expression of LFA-1 and Mac-1 on PMNs and modifies tumor cell adhesion to the EC, Comsol Multiphysics was used to simulate the convection and diffusion of IL-8 from a moving cell under flow conditions (Fig. 6) . To simulate the system, a tumor cell was assumed to be in the free stream in the near-wall region and its velocity was derived based on the shear flow condition, using Eq. (3). A PMN was assumed to roll on the EC at the experimentally derived average rolling velocity for the shear condition. The local IL-8 concentration near a rolling PMN and the time at which the PMN is activated by the transported IL-8 were derived to determine the extent of LFA-1 and Mac-1 activation.
Results indicate that altering the shear rate affects the IL-8 concentration near a rolling PMN at different time points (Fig. 7) . When the shear rate was constant at 62. various shear stresses (Fig. 7a) . In contrast, when the shear stress was constant at 2 dyn cm -2 and shear rate increased from 62.5 to 200 s -1 , it took less time to activate the PMNs under a higher shear rate (Fig. 7b) . These data suggest that the fluid convection affects the local concentration of IL-8 near a downstream PMN as well as the time needed to activate the PMN, which is important in upregulating the expression of LFA-1 and Mac-1.
The changes of LFA-1 and Mac-1 expression on a rolling PMN upon stimulation from IL-8 secreted by a tumor cell in a shear flow were then calculated (Fig. 8) .
Results indicate that at a constant shear rate, 62.5 s -1 , varying the shear stress does not alter the expressions of LFA-1 and Mac-1 on PMNs. However, at a constant shear stress, 2 dyn cm -2 , LFA-1 and Mac-1 expressions on PMNs were reduced when shear rate is increased.
Melanoma-PMN Binding Association Rate is Affected by the Shear Rate
To quantify the increase in binding potential when a PMN is stimulated by IL-8 secreted from a melanoma cell, the association rate governing the binding of the cells was calculated. The likelihood of binding between the two cells is determined by the number and availability of adhesion molecules on both cells, as well as the intrinsic binding properties of the molecules. Equation (6) was used to calculate the association rate for an LFA-1 and a Mac-1 molecule binding with an ICAM-1 molecule when a melanoma cell is 1 lm from a rolling PMN under various shear conditions. The surface densities of LFA-1 and Mac-1 molecules on a PMN stimulated by melanoma cell-secreted IL-8 ( Fig. 8) were used for n L . A constant separation distance and contact area were assumed for the six shear flow conditions.
The association rates indicate that the likelihood of an LFA-1/ICAM-1 bond forming between a melanoma cell and PMN is almost doubled when the shear rate is decreased from 200 to 62.5 s -1 and the shear stress is considered constant (Fig. 9 ). For Mac-1/ ICAM-1 binding, the likelihood increases by more than twice when the shear rate is decreased. When the shear rate remains constant, however, and the shear stress is increased, the binding potential for both molecules remains constant.
Bond Force Between Melanoma Cell and PMN Under Different Shear Conditions
The dissociation of b 2 integrin bonds with ICAM-1 is governed by the force applied to them. 3 In order to compare the affect the shear rate and shear stress have on the bond dissociation, a single bond was examined under various flow conditions. A numerical model was used to simulate a melanoma cell and a stationary PMN to determine the peak force applied to the melanoma cell due to a single bond between the cells under various shear conditions. In all simulations, the melanoma cell was initially located above and slightly downstream of the stationary PMN (Fig. 10) and then was allowed to move freely at its steady state velocity for each flow condition. The melanoma cell was acted upon by the fluid, bond, and repulsion forces until a maximum bond force was reached. Although adhesion between a melanoma cell and a PMN may be mediated by more than a single bond, the trend in bond dissociation over various flow conditions is expected to be similar for all bonds. Results indicate that increasing the shear rate from 62.5 to 200 s -1 , while maintaining a constant shear stress, increased the maximum bond force by approximately 11%, but increased the rate at which it was reached by almost four times (Fig. 11) . Increasing the shear stress from 0.625 to 2 dyn cm -2 , while keeping a constant shear rate, increased the maximum bond force by almost twice, and decreased the rate which it was reached by almost five times. Together, these results suggest that the dissociation of bonds between the melanoma cell and PMN is governed by both the shear stress and the shear rate.
DISCUSSION
Recent studies have indicated that PMN-facilitated melanoma adhesion to the EC is shear rate dependent and is influenced by endogenous IL-8 chemokine, either liberated from melanoma cells or from PMNs after stimulated by melanoma cells. 12, 13, 19 However, little is known regarding the shear flow-regulated mechanisms involved in this interaction. In this study, we have investigated the effects of: (1) the chemokine IL-8 on the PMN surface density of b 2 integrins, (2) the transport of IL-8 from a melanoma cell to a PMN under various flow conditions, (3) increased b 2 integrin surface density on the likelihood of binding between a melanoma cell and a PMN, and (4) various flow conditions on the force applied to a melanoma cell by a single bond with a stationary PMN.
Chemokines, which comprise the largest family of cytokines, are small secreted proteins that regulate leukocyte transport by mediating the adhesion of leukocytes to endothelial cells, which is the initial step in transendothelial migration and tissue invasion. 30 Specifically, the up-regulation of LFA-1 and Mac-1 upon stimulation by IL-8 has been reported. 1, 4 In agreement with those studies, we found that the stimulation of PMNs using recombinant IL-8 increased the expression of LFA-1 and Mac-1 on PMNs. Moreover, the up-regulation was both time and dose dependent. There existed both a threshold and a saturating concentration of IL-8 in stimulating LFA-1 and Mac-1 on PMNs. Reports from other groups have supported this finding. For example, Lum et al.
14 found a threshold dose of 75 pM IL-8 in activating PMNs to adhere to the ICAM-1 coated beads. Seo et al. 21 observed that an increase in IL-8 concentration from 1 to 5 nM did not induce significant changes in PMNs adhesion to ICAM-1 coated beads. LFA-1 and Mac-1 expressions also respond to stimulation by IL-8 in different ways. The response of LFA-1 upon IL-8 stimulation is rapid, while Mac-1 responds to the stimulation in a later time period. This behavior is consistent with studies that have shown that LFA-1 is important for rapid binding between cells, while Mac-1 is important for the maintenance of adhesion. 18 One important mode of intercellular communication in cancer hematogenous metastasis occurs through the soluble chemokines released by involved FIGURE 11. Force on a melanoma cell due to a single bond with a stationary PMN under various shear conditions. Melanoma cell motion was simulated numerically due to the action of a single bond with a PMN. (a) Under the same shear rate, at higher shear stress (due to higher viscosity), the bond force peaks slower, but at a greater force than at lower shear stress; (b) Under the same shear stress, at a higher shear rate, the bond force reaches a maximum faster and at a greater force than at lower shear rates. These results indicate the maximum force applied to the melanoma cell due to the bond and the time it takes to reach it is dependent on both shear rate and shear stress. cells, which may be affected by hydrodynamic shear flow. Melanoma cells constitutively secrete the inflammatory chemokine IL-8. 1, 20 When in a shear flow, this IL-8 is transported and stimulates other cells in the flow. A numerical model was employed to investigate the effects of the transported IL-8 on PMNs in a shear flow. Results show that shear rate, rather than shear stress, affects the IL-8 concentration near a rolling PMN at different time points. Thus, the surface density of LFA-1 and Mac-1 on the stimulated PMN is also shear rate dependent. The binding potential of IL-8 stimulated PMNs (mediated by both LFA-1/ICAM-1 and Mac-1/ICAM-1 binding) followed the same shear rate dependent trend, which implies the transport of IL-8 to a rolling PMN contributes to the shear rate dependence of melanoma cell adhesion to the EC in the presence of PMNs in a hydrodynamic shear flow.
The dissociation of melanoma cells from PMNs is determined by the force applied to the intercellular bonds. In the numerical simulations presented, the force applied to a single bond between the cells was modeled in order to directly compare the results under various flow conditions. Though cell adhesion is expected to be mediated by more than one bond, the trend of bond dissociation is expected to be similar to the trend seen in the single bond situation. Thus, we can make a general conclusion on the trend in bond dissociation between the cells based on the numerical simulations.
Changing either the shear rate or the shear stress altered the trend of the force applied to the melanoma cell by a single bond. This suggests that the dissociation of the bonds between a melanoma cell and a PMN is dependent on both the shear rate and shear stress. Since the melanoma cell-PMN aggregation through b 2 integrins and ICAM-1 is affected by shear rate, but the dissociation of bonds between the cells is dependent on both the shear rate and shear stress, it is probable that the formation of bonds between the two cells plays a more important role in determining the aggregation potential than the bond dissociation.
